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a b s t r a c t
The plus-strand RNA genome of Tobacco necrosis virus-D (TNV-D) expresses its polymerase via
translational readthrough. The RNA signals involved in this readthrough process were characterized
in vitro using a wheat germ extract translation system and in vivo via protoplast infections. The results
indicate that (i) TNV-D requires a long-range RNA-RNA interaction between an extended stem-loop (SL)
structure proximal to the readthrough site and a sequence in the 30-untranslated region of its genome;
(ii) stability of the extended SL structure is important for its function; (iii) TNV-D readthrough elements
are compatible with UAG and UGA, but not UAA; (iv) a readthrough defect can be rescued by a
heterologous readthrough element in vitro, but not in vivo; and (v) readthrough elements can also
mediate translational frameshifting. These results provide new information on determinants of read-
through in TNV-D and further support the concept of a common general mechanism for readthrough in
Tombusviridae.
& 2013 Elsevier Inc. All rights reserved.
Introduction
Plus-strand RNA viruses use a variety of translational strategies
for the expression of their encoded proteins. Some employ recod-
ing mechanisms such as translational readthrough or frameshift-
ing to further expand their coding capacity (Firth and Brierley,
2012). Translational readthrough occurs when a stop codon is read
as a sense codon by a suppressor tRNA, resulting in a C-terminal
extension of the initial protein. Translational frameshifting also
results in a C-terminally extended protein, but this occurs when a
translating ribosome shifts its reading frame. Frameshifting into
the 1 reading frame is most common, and this event, as well as
readthrough, are used to express the RNA-dependent RNA poly-
merases (RdRps) in many different viruses (Firth and Brierley,
2012; Firth et al., 2011; Cimino et al., 2011). For both of these
recoding events, RNA sequences and/or structures that facilitate
the processes are generally found 30-proximal to the recoding sites
(Firth and Brierley, 2012).
Interestingly, some viruses also require distal RNA elements in
addition to those found proximal to recoding sites. Barley yellow
dwarf virus (BYDV; genus Luteovirus, family Luteoviridae) uses 1
frameshifting to express its RdRp and this process requires an
extended stem-loop (SL) structure located just downstream of the
frameshift site as well as a sequence in the 30UTR of the genome
(Paul et al., 2001; Barry and Miller, 2002). The key sequence in the
30UTR is located in the terminal loop of an RNA hairpin structure
and it must base pair with a bulge in the extended stem-loop (SL)
structure proximal to the frameshift site for efﬁcient 1 frame-
shifting to occur (Barry and Miller, 2002). Frameshifting in Red
clover necrotic mosaic virus (RCNMV; genus Dianthovirus, family
Tombusviridae) has been shown to involve RNA structures and a
long-range base pairing interaction similar to those present in BYDV
(Tajima et al., 2011). Interestingly, comparable structures and inter-
actions are also needed for readthrough in Carnation Italian ringspot
virus (CIRV; genus Tombusvirus, Family Tombusviridae) and Turnip
crinkle virus (TCV; genus Carmovirus, Family Tombusviridae) (Cimino
et al., 2011). Accordingly, comparable sets of long-range RNA–RNA
interactions are involved in different recoding events in these viruses
and it has been proposed that other genera in Tombusviridae may
have similar requirements (Cimino et al., 2011).
Tobacco necrosis virus-D (TNV-D) is a plus-strand RNA virus
and the type member of the genus Betanecrovirus in the family
Tombusviridae (Sit and Lommel, 2010). Its 3.8 kb genome
encodes ﬁve viral proteins (Coutts et al., 1991) (Fig. 1A). The RdRp,
p82, is expressed from the genomic RNA via readthrough of the
50-proximal open reading frame (ORF) coding for p22 (Molnár
et al., 1997; Fang and Coutts, 2013). The movement (p7a and p7b)
and capsid (p29) proteins are translated from two subgenomic (sg)
mRNAs that are transcribed during infections (Offei et al.,1995;
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Offei and Coutts, 1996; Molnár et al., 1997; Jiwan et al., 2011). The
viral genome is neither 50-capped nor 30-polyadenylated and transla-
tion of viral proteins requires the activity of a 30 cap-independent
translational enhancer (30CITE) that is located in the 30UTR of the
genome (Fig. 1A) (Shen and Miller, 2004). In addition to the 30CITE,
the 30UTR also harbours RNA elements that are important for TNV-D
genome replication (Shen and Miller, 2007).
In the present study we have investigated the readthrough
process in TNV-D that mediates production of its RdRp. Our ﬁndings
indicate that TNV-D requires a long-range RNA-RNA interaction for
efﬁcient translation of p82. Characterization of the readthrough
signals along with comparative structural-function analyses provide
novel insights into this translational recoding event.
Results
Efﬁcient readthrough of p82 requires a 30-proximal sequence
Translation of viral proteins from the TNV-D RNA genome was
assessed using a wheat germ extract (wge) in vitro translation
system. Translation of in vitro synthesized transcripts of the wt
TNV-D genome yielded abundant p22 and lesser amounts of its
readthrough product p82 (Fig. 1B, lane 2). The readthrough
efﬁciency was calculated to be 2.5%70.1. An additional prominent
product of 29 kDa was also observed (Fig. 1B, asterisk), which
through additional analysis was determined to be the p29 coat
protein that is likely expressed via an internal ribosome entry site
(data not shown), as shown for some carmoviruses (Koh et al.,
2003; Fernández-Miragall and Hernández, 2011). When the 30UTR
was deleted in TNV-Δ30UTR, expression of all major products was
dramatically reduced and the relative readthrough level of p82 (i.e.
the ratio of p82/p22) was 3% that of wt (Fig. 1B, lane 3). Adding a
50-cap structure to TNV-Δ30UTR led to revived p22 levels, but relative
readthrough of p82 remained low at 2% (Fig. 1B, lane 5). The
presence of a 50-cap on the wt TNV-D genome did reduce relative
readthrough to 29% of wt (Fig. 1B, lane 4), possibly due to
interference with normal 30CITE-mediated translation that may be
important for efﬁcient readthrough. However, 29% was still 15-
fold higher than the 2% level observed for capped TNV-Δ30UTR.
Collectively, these data suggest that the 30UTR not only contains
elements that are necessary for efﬁcient cap-independent translation
(i.e. a 30CITE), as previously reported (Shen and Miller, 2004), it also
contains a determinant for efﬁcient readthrough of p82.
A long-range RNA–RNA interaction is required for readthrough
The requirement for an element in the 30UTR of TNV-D (Fig. 1B),
along with the previous observation of complementary sequences
in the RNA structure 30-adjacent to the readthrough site and a
sequence in the 30UTR (Cimino et al., 2011), suggested that read-
through production of p82 may require a long-range intra-geno-
mic interaction. This interaction was predicted to occur between a
sequence, the proximal readthrough element (PRTE), located in a
bulge within an extended stem-loop structure, termed SL-PRTE,
positioned 30-proximal to the readthrough site and a sequence, the
distal readthrough element (DRTE), located near the 30-terminus of
the viral genome (Figs. 1 and 2A). To test the possible involvement of
the proposed interaction in readthrough, substitutions were intro-
duced into the TNV-D genome that were predicted to disrupt
(mutants TNV-2A and TNV-2B) and then restore (mutant TNV-2C)
complementarity between the PRTE and DRTE (Fig. 2A). In vitro
translation assays in wge revealed that the reduced pairing potential
in mutants TNV-2A and TNV-2B lowered relative readthrough by
10-fold, while re-establishing base pairing potential in mutant TNV-
2C led to full recovery of readthrough (Fig. 2B). The effect of the
mutations on virus viability was also assessed in protoplast transfec-
tions. Mutants TNV-2A and TNV-2B with reduced pairing accumu-
lated to 29 and 66% the level of wt TNV-D, respectively, whereas
mutant TNV-2C with restored pairing accumulated to wt levels
(Fig. 2C). These results support an important role for the long-range
interaction in both synthesis of p82 and viability of the viral genome.
The SL-PRTE structure is important for readthrough
The structural context of the PRTE places it within a bulge in an
extended stem-loop structure, the SL-PRTE (Fig. 3A), and similar
structural contexts have also been predicted for known and
proposed PRTEs in all tombusvirids that utilize readthrough
(Cimino et al., 2011). Comparably structured elements are also
located 30-proximal to 1 frameshift sites in BYDV and RCNMV
(Barry and Miller, 2002; Tajima et al., 2011), thus similar secondary
structures are required for both readthrough and frameshifting in
these viruses. Despite their prevalence, the importance of the
secondary structure within these RNA elements has not yet been
investigated experimentally for any of these viruses. Fortunately,
in the case of TNV-D, four base pairs in the lower part of SL-PRTE
corresponded to opposing wobble positions (Fig. 3A), which
allowed for substitutions of individual base pairs (Fig. 3B) or
Fig. 1. Assessing the role of the 30UTR in readthrough. (A) Schematic linear
representation of the TNV-D RNA genome with boxes representing encoded
proteins. p22 and its readthrough product p82 (shown by thick hatched lines)
are translated directly from the genome. Initiation sites for subgenomic mRNA1
(sg1) and sg2 are indicated below the genome. The double-headed arrow above the
genome connects the locations of two RNA sequences, the PRTE and DRTE, which base
pair with each other to mediate readthrough. The relative positions of the 30CITE and
an AgeI restriction enzyme site are shown. (B) SDS-12%PAGE analysis of proteins
translated from the TNV-D genome. Protein products in this, and all other subsequent
experiments, were generated by translating 0.5 pmol of viral genomic RNA in wge for
1 h at 25 1C. The mock lane consists of a translation reaction using wge without any
viral RNA added. The wild-type TNV-D genome (TNV) and a mutant TNV-D genome
lacking a 30UTR (Δ30UTR) were tested with (þ) and without () a 50-cap. The
positions of the viral proteins produced, p22 and p82 (RdRp), are indicated to the left
and the asterisk denotes the position of p29 capsid protein. In this and subsequent
experiments the corresponding means (7standard error) were determined from at
least three independent experiments. Relative readthrough (Rel. RT) was calculated as
the ratio of p82/p22, with that for wt TNV set as 100%.
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combinations thereof (Fig. 3C) while maintaining amino acid
identities. Disruptive and restorative compensatory substitutions
were introduced into individual base pairs at four different sites and
mutants were tested for readthrough activity in wge and for viability
in protoplast infections (Fig. 3B). For the RTS1 series mutants, RTS1-A
with the CG-to-UG substitution exhibited wt levels of readthrough
and genome accumulation, indicating that the UG pair was function-
ally equivalent. Conversely, the CA substitution at the same position
in RTS1-B resulted in notable decreases in both readthrough and
genome accumulation to 12% and 24% of wt, respectively.
In RTS1-C, where Watson/Crick pairing was restored with an AU pair,
greater than wt levels of both activities were observed, supporting an
important role for the base pair that closes the lower half of the bulge
(Fig. 3B). Testing of other individual base pairs located lower in the
stem in mutant series RTS2, RTS3 and RTS4 revealed lesser effects,
with no compelling correlations with predicted pairing strength
(Fig. 3B). Similar results were also obtained when different combina-
tions of the three lower pairs were targeted in tandem (series
RTS2þRTS3, RTS3þRTS4 and RTS2þRTS3) (Fig. 3C). However, when
all three lower pairs were simultaneously disrupted and then restored
in series RTS2þRTS3þRTS4, a positive correlation between predicted
base pairing strength and readthrough efﬁciency as well as genome
viability was observed (Fig. 3C), indicating that stability of this lower
stem region is important.
Stop codon identity inﬂuences readthrough
The TNV-D readthrough element is categorized as a type-III
readthrough motif, which has the core consensus sequence UAGG
followed by some type of higher-order RNA structure (Firth and
Brierley, 2012). To determine if the TNV-D element could also
support readthrough of the other two stop codons, UAA and UGA,
substitutions were made to replace the wt UAG with either of
these alternative codons (Fig. 4). Interestingly, both readthrough
in vitro and genome accumulation in protoplasts occurred efﬁ-
ciently for TNV-UGA, which contained a UGA stop codon (Fig. 4A
and B). Reverse transcription-PCR of the readthrough and ﬂanking
region in progeny genomes conﬁrmed that the UGA codon was
maintained (data not shown). In contrast, mutant TNV-UAA
containing a UAA stop codon was inactive in both readthrough
and genome replication (Fig. 4A and B). The ability of the RNA
elements in TNV-D to mediate readthrough therefore depends on
the type of stop codon present, with UAA being non-permissive.
Readthrough efﬁciency, but not virus viability, is rescued
by a heterologous readthrough element
Previous studies demonstrated that that a readthrough defect
in CIRV caused by disruption of its long-range interaction could be
partially restored by introducing a TMV type-I motif (Cimino et al.,
2011). To test if a comparable TNV-D defect could be rescued by
the TMV element, the TMV sequence CAAUUA was inserted
directly downstream of the TNV-D stop codon in the
readthrough-defective mutant TNV-2A, thus creating TNV-2AþT
(Fig. 5A). The insertion of the TMV element in TNV-2AþT led to
greater than wt levels of readthrough in vitro, while a non-
functional mutated form of the TMV element inserted as a control
in TNV-2AþTm had little effect (Fig. 5B). However, even though
TNV-2AþT exhibited efﬁcient readthrough in vitro, this genome
was unable to accumulate to levels higher than those of TNV-2A
in protoplast infections (Fig. 5C). In fact, the presence of the
TMV element reduced the level of genome accumulation for both
Fig. 2. Requirement for the PRTE-DRTE interaction for readthrough and genome replication. (A) Mfold-predicted RNA secondary structures of SL-PRTE and 30-end of TNV-D,
including the complementary PRTE and DRTE (green and boxed) and the stop codon highlighted by a red box. Wild-type and mutant PRTE-DRTE interactions are shownwith
substituted nucleotides in red. (B) In vitro translation analysis in wge of TNV-D genomes containing various mutations as depicted in panel A. (C) Northern blot analysis of
TNV-D genomic and sg mRNA accumulation in plant protoplasts 22 h post-transfection. The viral genomes analysed are shown above their respective lanes. The positions of
the genomic (g) and subgenomic RNAs (sg1, and sg2) are indicated to the left of the blot. In this and subsequent Northern blot analyses the corresponding means (7standard
error) were determined from at least three independent experiments, and were normalized to the accumulation of the wild-type genomic RNA levels (Rel. g), which was set
to 100%.
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TNV-2AþT and TNV-2AþTm relative to TNV-2A, indicating that
both sequence insertions were detrimental to genome replication.
A readthrough element is compatible with frameshifting
As mentioned previously, the general structure of the SL-PRTE
in TNV-D (Fig. 3A) is also maintained by other tombusvirids that
use readthrough to express their RdRps, such as the tombusvirus
CIRV (Cimino et al., 2011), as well as by the tombusvirid RCNMV
(Tajima et al., 2011) and the luteovirus BYDV (Barry and Miller,
2002), which use frameshifting for RdRp expression. The existence
of similar structures in two different recoding processes prompted
us to test whether the RNA elements required for TNV-D read-
through were also able to facilitate frameshifting. To test this,
the wt shifty heptanucleotide sequence used by BYDV for 1
frameshifting (50–GGGUUUU), or a control non-functional version
(50–AGGCUUC), was inserted upstream of the SL-PRTE in the TNV-
D genome (Figs. 6 and 7A) and, for comparison, the same modi-
ﬁcations were also made in the CIRV genome (Figs. 6D and 7B).
To accomplish this, two consecutive wt residues, the A preceding the
wt stop codon for the pre-readthrough protein and the U in the UAG,
were replaced with the sequence 50-GGGUUUUUAG (Fig. 6A and D).
This introduced the wt shifty heptanucleotide sequence (bold) and a
new associated stop codon (underlined). In both viruses, the new
stop codons were in-frame with respect to their pre-readthrough
ORFs and the readthrough ORFs were in the 1 reading frame with
respect to the new stop codons; thus, the production of either RdRp
would require 1 frameshifting, instead of a readthrough event.
TNV-D genomes harbouring either a wt (TNV-fs) or mutated
(TNV-fsm) form of the BYDV shifty heptanucleotide did not
produce detectable p82 in wge and were defective for accumula-
tion in protoplasts (Fig. 6B and C). For CIRV, p36 is the pre-
readthrough protein (comparable to p22 in TNV-D) and p95 is the
RdRp produced by readthrough of p36. In CIRV-fs, the CIRV
genome with the wt shifty heptanucleotide, p95 production was
detectable in wge, with a calculated in vitro frameshifting efﬁ-
ciency of 0.28%70.04 (versus 0.8%70.1 for wt CIRV readthrough),
and the mutant was viable in protoplast infections (Fig. 6E and F).
Both of these activities were shifty heptanucleotide-dependent,
because CIRV-fsm with a mutated shifty heptanucleotide showed
three-fold lower levels of p95 production in vitro and was not
viable in protoplast infections (Fig. 6E and F). Additionally, the
efﬁcient production of p95 in wge from CIRV-fs required that its
PRTE interact with its DRTE, as shown by mutants CIRV-fs-A, -B
and -C (Fig. 6E), which contained compensatory mutations in the
long-range interaction (Fig. 7B, box). A similar requirement for the
long-range interaction was also observed in protoplast infections
(Fig. 6F). Importantly, reverse transcription-PCR of the frameshift
region in viable progeny genomes conﬁrmed that the introduced
frameshift signal and the ﬂanking sequences were maintained.
Discussion
The analysis of a TNV-D genome lacking its 30UTR revealed the
presence of a determinant of translational readthrough in this
region. The element responsible was identiﬁed as a 6 nt long DRTE
Fig. 3. Effect of SL-PRTE stability on readthrough and genome replication. (A) Mfold-predicted RNA secondary structures for SL-PRTE, with the PRTE shown in green and the
stop codon highlighted by a red box. Base pairs targeted for compensatory mutational analysis, RTS1, RTS2, RTS3, and RTS4, are boxed. (B) Effects of single compensatory
mutations on relative readthrough (Rel. RT) in wge and genome accumulation (Rel. g) in protoplast infections. Substituted nucleotides are red. (C) Effects of combinations of
individual compensatory mutations. Two or three RTS sites were targeted simultaneously and analyzed as described above.
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with complementarity to a bulge sequence in the readthrough
proximal SL-PRTE. Subsequent compensatory mutational analysis
showed that base pairing between these two sequences was
required for efﬁcient readthrough in vitro and productive genome
replication in protoplasts. This represents the third genus in
Tombusviridae to have this requirement and further supports the
proposal that all genera of Tombusviridae that use readthrough for
RdRp production require a long-range interaction between the
readthrough sites and their 30UTRs (Cimino et al., 2011). Our
results with TNV-D also represent the ﬁrst experimentally sup-
ported functional long-distance interaction in a necrovirus.
Although long-range base pairing between the 50UTR and 30CITE
in TNV-D was previously proposed to be important for translation
initiation, no experimental evidence to support this notion has yet
been provided (Shen and Miller, 2004).
The general structure of SL-PRTE in TNV-D is also predicted in
corresponding regions of other tombusvirids and luteoviruses
(Cimino et al., 2011; Tajima et al., 2011; Barry and Miller, 2002).
The mutational analysis of the stem region of this structure in
TNV-D provides the ﬁrst experimental evidence that this sub-
structure is important for readthrough. The sensitivity of the lower
base pair closing the bulge to disruption suggests that a precise
architecture at this site involving a base pair is required. The lower
portion of the stem was also shown to be relevant; however this
region was more tolerant to individual disruptions, possibly due to
compensation by non-canonical pairing and/or nearest neighbour
effects. However, since the triple disruption did cause notable
inhibition, overall stability of the lower stem is clearly important
Fig. 4. Assessing the consequence of stop codon identity on readthrough and
genome replication. (A) In vitro translation analysis in wge of TNV-D genomes
containing a substitution of the p22 wild-type UAG stop codon with UAA (TNV-
UAA) or UGA (TNV-UGA). The faint bands in between p22 and p82 are of unknown
origin. (B) Northern blot analysis of wt and mutant TNV-D genomes in protoplasts
and quantiﬁcation of plus-strand viral genome accumulation.
Fig. 5. Restoring readthrough with a heterologous readthrough element. (A) The
lower portion of SL-PRTE in TNV-D is shown with the insertion site (arrow) of the
wild-type and mutant forms of the 6 nucleotide TMV readthrough element (RTE).
The wild-type and mutant forms of the TMV RTE are shown below, with mutated
nucleotides in red. (B) In vitro translation analysis in wge of TNV-D genomes
containing mutations in the PRTE-DRTE interaction (see TNV-2A in Fig. 2A) and an
inserted wild-type (TNV-2AþT) or mutant (TNV-2AþTm) TMV RTE. (C) Northern
blot analysis of wt and mutant TNV-D genomes in protoplasts and quantiﬁcation of
plus-strand viral genome accumulation.
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for readthrough function. The role of this lower stem could be to
support formation of the bulge and/or it may affect ribosome
function in a way that favours recoding. Since this general
structure is conserved in other tombusvirids, the corresponding
structures in these other viruses may also display similar struc-
ture–function requirements. It will also be interesting to see if the
RNA elements involved in readthrough of the luteovirus BYDV
capsid protein have comparable structural features, as this event
also requires an additional RNA sequence located 700 nt down-
stream of the readthrough site (Brown et al., 1996).
Based on its core consensus UAGG and 30-proximal SL-PRTE
structure, the TNV-D readthrough element is classiﬁed as a type-III
readthrough motif (Firth and Brierley, 2012). Interestingly, this
context was functional for in vitro readthrough and genome
replication when the wt UAG was substituted with UGA. Similarly,
the Moloney murine leukemia virus (Mo-MuLV) type-III context
was also able to efﬁciently suppress UGA (Feng et al., 1989). For
TNV-D, no activity was observed when UAG was substituted with
UAA. Efﬁcient readthrough of this stop codon occurs most com-
monly in type-I contexts (i.e. UAACAAUYA, U¼purine, Y¼pyrimi-
dine) (Skuzeski et al., 1991) and to a lesser degree in type-II
contexts, where UGA is usually suppressed (Beier and Grimm,
2001). Nonetheless, unlike for TNV-D, the type-III context of Mo-
MuLV was able to suppress UAA in CHO hamster cells and in rabbit
reticulocyte lysate supplemented with tRNAs from NIH 3T3 cells
(Feng et al., 1989). Thus, some type-III contexts are able to
suppress UAA. The inability of the TNV-D context to suppress
UAA is likely related to some property of the TNV-D signal that
prevents UAA suppressor tRNA utilization.
Previous studies with the CIRV genome revealed that inhibition
caused by disruption of the PRTE-DRTE interaction could be
partially rescued in wge (i.e. relative readthrough increased from
3% of wt to 71%) and in protoplast infections (i.e. genome accumula-
tion increased from 0% to 26%) by introducing a local readthrough
element derived from TMV into a readthrough-defective CIRV
mutant (Cimino et al., 2011). In contrast, a similar approach
attempted with TNV-D was able to restore readthrough in wge, but
did not enhance replication in protoplasts. The functionality of the
TMV element was conﬁrmed in vitro, where the wt motif conferred
efﬁcient readthrough, while the corresponding mutated form did
not. Accordingly, if p82 production was also restored in protoplasts,
the inability to recover accumulation in vivo may be related to a
different function impeded by the disrupted long-range interaction
in the mutant. The most likely process to be affected would be
genome replication, as the interaction involves the 30-terminal region
of the genome that contains RNA replication elements (Shen and
Miller, 2007). Another contributing factor could be a defect caused by
insertion of the 6 nt long TMV sequence. Although tolerated in CIRV,
the introduction of this sequence in TNV-D sequence may have
altered an important cis-acting RNA element or the two added amino
acids (i.e. CAA UUA¼Gln Leu) may have caused inhibition of p82
activity. Regardless of the nature of the defect, the results suggest
that TNV-D is not amenable to the same recoding modiﬁcation that is
both tolerated and beneﬁcial in CIRV.
Fig. 6. Compatibility of BYDV shifty heptanucleotide with TNV-D and CIRV readthrough elements. (A) The lower portion of SL-PRTE in TNV-D is shown with the wt stop
codon highlighted by a red box. The top end of the arrow shows the AU nucleotides that were replaced with either the wild-type BYDV shifty heptanucleotide (SH, boxed) or
a mutant form of the BYDV SH. The nucleotides substituted in the mutant SH are in red. (B) In vitro translation analysis in wge of TNV-D genomes containing a wild-type
BYDV SH (TNV-fs) or a mutant form of the BYDV SH (TNV-fsm). (C) Northern blot analysis of wt and mutant TNV-D genomes in protoplasts and quantiﬁcation of plus-strand
viral genome accumulation. (D) The lower portion of SL-PRTE in CIRV is shown with the wt stop codon highlighted by a red box. The top end of the arrow shows the AU
nucleotides that were replaced with either the wild-type BYDV SH (boxed) or a mutant form. (E) In vitro translation analysis in wge of CIRV genomes containing a wild-type
BYDV SH (CIRV-fs) or a mutant form of the BYDV SH (CIRV-fsm). Also tested were derivatives of CIRV-fs (CIRV-fs-A, -B and -C) which had compensatory mutations in the CIRV
PRTE-DRTE interaction (as shown in Fig. 7B, box). (F) Northern blot analysis of wt and mutant CIRV genomes in protoplasts and quantiﬁcation of plus-strand viral genome
accumulation.
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The similarity in structure of the RNA elements proximal and
distal to recoding sites for viruses utilizing readthrough and
frameshifting led us to test if the TNV-D or CIRV readthrough
elements could mediate frameshifting. The TNV-D elements were
not able to do so, while the CIRV elements were partially func-
tional. The low but notable frameshifting and replication activities
observed for CIRV demonstrate functional compatibility of its
readthrough RNA structures with an alternative recoding event.
With respect to the PRTE-DRTE interactions in TNV-D-fs or CIRV-fs
versus the corresponding interaction for frameshifting in BYDV, the
interaction in CIRV is more similar to that in BYDV (Fig. 7).
In BYDV, the distal partner sequence (equivalent to a DRTE) is
located in the terminal loop of a SL structure and its interaction
with the proximal readthrough structure is predicted to involve all
residues in the in the bulge (Fig. 7C). Similarly, the CIRV-fs DRTE is
present in the terminal loop of a hairpin (SL-T) and the PRTE-DRTE
interaction involves all but one of the residues in the bulge
(Fig. 7B). In contrast, the TNV-D DRTE is predicted to be located
in an ssRNA region between two SL structures (Fig. 2A) and for the
PRTE-DRTE interaction three of the bulged residues are predicted
to be unpaired (Fig. 7A). The greater similarity between the CIRV-fs
and BYDV structural components may have contributed to the
observed activity in the former. However, despite such similarities,
differences between the two structures also exist. The spacing
between the shifty heptanucleotide sequence and the long-range
interaction within the recoding proximal structure is quite differ-
ent in CIRV-fs and BYDV, and spacing is known to affect frame-
shifting efﬁciency (Lin et al., 2012). In BYDV it involves a 5 nt
single-stranded spacer followed by an 8 bp stem, while in CIRV-fs
the spacing involves a 4 nt spacer followed by an irregular stem of
18 bps. This difference in relative spacing did not prevent frame-
shifting in CIRV-fs, though it may have contributed to the reduced
activity observed. The three-fold lower level of p95 produced from
CIRV-fs versus wt CIRV could also have negatively affected its
ability to replicate efﬁciently. Regardless, the fact that the CIRV
readthrough elements were functional for frameshifting helps
to explain the similarity in structure observed in nature and
suggests at least some mechanistic similarities between the two
processes.
Materials and methods
Plasmid construction
All TNV-D mutants were derivatives of the wt TNV-D cDNA in a
pUC19 plasmid supplied by Robert Coutts, Imperial College London
(Coutts et al., 1991), which was modiﬁed to have a SmaI site at its
30-end (Jiwan et al., 2011). The full-length infectious clone of CIRV
has been described previously (Rubino et al., 1995) and all CIRV
mutants in this study were derived from this construct. For TNV-D
or CIRV, overlapping PCR-based mutagenesis was used to intro-
duce the different modiﬁcations into genomic clones and all
mutant constructs were sequenced to ensure that only the desired
changes were present. The modiﬁcations in the various mutants of
the TNV-D and CIRV genome are shown in the accompanying
ﬁgures.
Fig. 7. Comparison of chimeric and wildtype frameshifting elements. (A) Mfold-predicted RNA secondary structure for chimeric TNV-fs showing its SL-PRTE and DRTE
regions in green. (B) Mfold-predicted RNA secondary structure for chimeric CIRV-fs showing its SL-PRTE and DRTE regions. The box shows CIRV-fs PRTE-DRTE compensatory
mutants with substitutions in red. (C) Predicted RNA secondary structure for BYDV showing its SL-PRTE-like and DRTE-like elements in green (Barry and Miller, 2002).
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RNA preparation
TNV-D and CIRV clones used for in vitro transcription were
prepared by linearizing the plasmids with SmaI. TNV-Δ30UTR,
lacking the 30UTR of the TNV-D genome, was synthesized from
AgeI-linearized wt TNV-D clone (position 3764 in the genome
sequence). RNA transcripts were prepared using the AmpliScribe
T7-Flash Transcription Kit (Epicentre Technologies) as described
previously (White and Morris, 1994). Unless speciﬁed, all tran-
scripts were not 50-capped. The concentrations of RNA transcripts
were quantiﬁed by spectrophotometry and the quality of the
transcripts was examined by agarose gel electrophoresis.
In vitro translation
In vitro transcripts were subjected to translation in nuclease-
treated wheat germ extract (Promega). Translation was performed
in the presence of 35S-methionine as previously described (Wu
and White, 1999). Reactions contained 0.5 pmol of viral genomic
RNA in wge for 1 h at 25 1C. Products were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in
a 12% polyacrylamide gel, and quantiﬁed by radioanalytical scan-
ning using a PharosFX Plus Molecular Imager (Bio-Rad) and
QuantityOne Software (Bio-Rad). All trials were repeated at least
three times.
Protoplast infection
Cucumber cotyledon protoplasts were prepared and trans-
fected using polyethylene glycol as described previously (White
and Morris, 1994). Brieﬂy, 3 mg of viral genomic RNAs were
transfected into protoplasts and incubated for 22 h at 22 1C under
constant light. Total nucleic acid extraction was performed as
described previously (White and Morris, 1994) and separated in
nondenaturing 2% agarose gels. Northern blotting was performed
as previously described (Jiwan et al., 2011). Brieﬂy, the nucleic
acids were electro-transferred from the agarose gel to a nylon
membrane and hybridized with three 32P-labeled probes comple-
mentary to the 30-end of TNV-D (PTN14, complementary to
coordinates 2821–2840 of TNV-D genome; PTN8, 3520–3532;
PTN10, 3643–3663). Viral genome accumulation was quantiﬁed
by radioanalytical scanning using a PharosFX Plus Molecular
Imager (Bio-Rad) and QuantityOne Software (Bio-Rad). All trials
were repeated at least three times.
RNA secondary structure prediction
RNA secondary structures were predicted at 37 1C using Mfold
version 3.6 (Mathews et al., 1999; Zuker, 2003).
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